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Recreating native microenvironment and providing appropriate guidance cues are instrumental in 
the design of regenerative scaffolds. Despite decades of research in skeletal muscle tissue 
engineering, there is limited clinical success in developing such regenerative scaffolds. This may 
be attributed to limited success in building complex features of native skeletal muscle tissue in 
synthetic scaffolds. These complex features include electroactivity of skeletal muscle cells, nano-
(myofibrils) to macro-scale (muscle fiber bundles) hierarchical architecture along with aligned 
fibrous structure to provide contact guidance. Although scaffolds possessing each of these 
features have been built, combining multiple such features into a single scaffold still remains a 
challenge. Electrically conductive carbon-based scaffolds can be processed to possess multi-
scale hierarchy along with porous structure and different geometries making them a potential 
candidate for skeletal muscle tissue engineering. Carbon-based materials have been explored 
mostly for their application in energy storage and electronics; however, few studies have 
evaluated their applications in tissue engineering. In this study, we investigated potential of 
carbon-based scaffolds with different geometries (interconnected porous vs aligned fibrous 
structure) and nanoscale surface functionalization (carbon nanotube) for skeletal muscle tissue 
engineering. We engineered multiscale hierarchical scaffolds based on carbon materials, namely, 
highly porous carbon foams and highly aligned carbon fibers. Both porous foam scaffolds and 
aligned fibrous scaffolds were nano-functionalized with carbon nanotube (CNT) and silica-CNT 
(only foams) coatings on their surfaces. It was hypothesized that aligned fibrous structure and 
nanoscale CNT coatings will provide synergistic guidance cues to enhance myoblast 
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differentiation. Additionally, immobilization of CNTs on the scaffold surface will obviate the 
cytotoxicity issues. The results showed combined role of surface modification (CNT 
functionalization) and alignment cues to facilitate cell adhesion, growth and differentiation. 
Surface functionalization of porous carbon foams with CNT and silica-CNT provided physico-
chemical cues for skeletal muscle cells to differentiate into myocytes; however, failed to promote 
their fusion into functional multinucleated myotubes.  More interestingly, CNT nano-
functionalization coupled with alignment cues in the form of aligned carbon fibers were able to 
overcome this limitation leading to formation of continuous multinucleated myotubes. In 
summary, CNT functionalization and aligned scaffold architecture improved cell-material 
interaction and promoted the process of myogenesis. 
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1.0  INTRODUCTION 
Skeletal muscle injuries account for about 55% of the total injuries sustained in sports. 
Every year, about 100,000 cases of muscle injuries are reported (US Bureau of Labor statistics, 
2011). Similarly, injuries due to trauma and tumor ablation procedures result in skeletal muscle 
damage. Due to limited regenerative potential of the muscle, therapeutic strategies aimed at 
functional muscle regeneration are gaining importance. Some of the strategies used in the past 
such as transplant of autologous muscle and injection of satellite cells have shown limited 
success due to donor site morbidity, poor integration and survival of implanted tissue or cells [1, 
2]. These problems can be circumvented by use of cell-interactive, and preferably, biodegradable 
ECM-mimicking materials to promote effective regeneration of skeletal muscle. Cell-ECM 
interactions can further facilitate essential cellular processes for normal muscle growth and 
development, including its regeneration [3, 4]. Hence, recent tissue engineering strategies are 
aimed at creating novel synthetic extracellular matrix (ECM)-mimics that recapitulate the 
structural and topographical cues present in native ECM [4-7]. Several approaches have been 
developed to create synthetic ECM-mimics such as nanofibrous electrospun scaffolds and 
hydrogels to enhance cell proliferation and differentiation [8-10]. However, matching intricate 
structure and complexity of the native muscle environment with synthetic materials still remains 
a daunting challenge [11]. Nonetheless, through basic research on skeletal muscle development, 
injury and regeneration, it is widely recognized that a combination of biochemical and 
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biophysical stimuli is critical for guiding the progenitor cells to appropriate orientation in order 
to promote uniformly aligned and well-organized muscle bundles [12]. Thus, efforts are directed 
to design materials with structural and/or biophysical cues in order to recreate the 
microenvironment conducive for myogenesis. Several of such materials with ECM-mimetic 
architectural and topographical cues for heart muscle tissue engineering have been reviewed by 
Parker et al. [13].  
Native muscle structure exhibits multiscale hierarchy from myofibrils, to muscle fibers, 
which then bundle to form a functional muscle. Thus, it is desirable to have similar hierarchy in 
the scaffold. In addition, macroporous architecture of scaffold allows easy exchange of nutrients 
and waste products and it facilitates cell infiltration [14]. For example, honeycomb-like foam 
structures have been investigated for myocardial regeneration and peculiar interconnected honey-
comb architecture was thought to reinforce the scaffold during the continuous contraction and 
relaxation process of myocardial tissue [15, 16]. In addition to scaffold architecture, adhesion of 
cells to the surface of the material is critical for skeletal muscle tissue engineering. Surface 
topography, especially nanoscale surface roughness can be an important feature in improving 
cell-scaffold interaction and cell adhesion. Similarly, surface wettability can affect cell adhesion 
on the scaffold surface. For example, moderately hydrophobic surfaces with contact angles 
around 70° facilitate better attachment of cells to scaffolds through strong binding of cellular 
adhesion proteins [17]. Skeletal muscle tissue is electrically excitable; hence electroactive 
materials may allow local delivery of electrical stimulus to enhance cell proliferation, 
differentiation and tissue damage. Indeed, conductive materials have shown to improve skeletal 
muscle cell (myoblast) differentiation into myocytes [18, 19]. It has been extremely challenging 
to engineer a scaffold with all these features. Thus, for functional skeletal muscle regeneration, it 
 3 
is essential to build complex features such as electroactivity, nano-(myofibrils) to macro-scale 
(muscle fiber bundles) hierarchical architecture along with aligned fibrous structure to provide 
contact guidance. Although scaffolds possessing each of these features have been built, 
combining multiple such features into a single scaffold still remains a challenge. Electrically 
conductive carbon-based scaffolds can be processed to possess multi-scale hierarchy along with 
porous structure and different geometries making them a potential candidate for skeletal muscle 
tissue engineering. 
Carbon-based materials have been used as conductive materials and also in energy 
storage-related applications [20-22]. They have been recently explored for various tissue 
engineering applications such as osteoblast growth [23], neural cell growth [24], as bone 
implants and drug delivery [25-27]. For example, Li et al. used 3D graphene foams to provide 
electrically conductive and macro-porous surface in order to promote proliferation and enhance 
differentiation of neural stem cells [28]. However, application of such foam structures in skeletal 
muscle tissue engineering remains to be tested. Their inert nature, processability into different 
sizes, shapes and architecture as well as their robust mechanical properties are some of the 
features that distinguish carbon-based scaffolds from other biomaterials for tissue engineering 
applications [23].  In this study, we introduce hierarchical carbon-based materials to investigate 
their potential in promoting skeletal muscle differentiation. They possess multi-scale hierarchy 
spanning from highly ordered nano-scale architecture to well-organized micro-scale architecture. 
We engineered multiscale hierarchical scaffolds based on carbon materials, viz. carbon 
foams with highly interconnected porous structure [29] and carbon fibers with highly aligned 
fibrous structure. Surfaces of both porous foam and aligned fibrous scaffolds were further nano-
functionalized with CNT and silica-CNT (Si-CNT) coatings to modulate their hydrophilic-
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hydrophobic (wetting) properties and surface roughness. CNTs are an excellent nanomaterial of 
choice as they have been shown to promote myoblast differentiation [30, 31]. Along with 
electrical conductivity, they also impart the nano-surface roughness for the adhesion and 
spreading of cells. In our study, we specifically investigated effects of porosity and alignment of 
scaffolds (scaffold geometry), and nanostructure (CNT/Si-CNT) surface functionalization on 
myotube formation. It was hypothesized that aligned fibrous structure and nanoscale CNT 
coatings will provide synergistic guidance cues for myoblast differentiation into myotubes. 
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2.0  MATERIALS AND METHODS 
2.1 Materials 
Cell culture media, Dulbecco’s phosphate buffered saline (DPBS) and serum were 
purchased from Mediatech Inc. (Manassas, USA). The cell culture supplies including media, 
serum were purchased from Mediatech® / Corning unless otherwise specified. The C2C12 cells 
were a kind gift from Dr. Feinberg at Carnegie Mellon University, USA. 
2.2 Surface Coating of Carbon Foams and Fibers 
Reticulated vitreous carbon (RVC) foams are typically fabricated from the pyrolysis of 
thermosetting polymer foam, resulting in skeleton or vitreous carbon struts. RVC foams selected 
in this study were with 80 pores per inch (PPI), provided by Ultramet Inc. Floating CNT carpets 
were synthesized using a two-step process previously developed by Mukhopadhyay group [32, 
33]. Tetraethyl orthosilicate [TEOS; Si(OCH2CH3)4, Si-OEt (Alfaa aesar; 98%)] was used as a 
precursor. The first step involves deposition of silicon oxide (SiOx) activation/buffer layer via 
room temperature Microwave Plasma Enhanced Chemical Vapor Deposition (M-PECVD) 
reactor. The hexamethyldisiloxane [HMDSO, (CH3)6Si2O; sigma Aldrich, 99.5%] was used as a 
precursor in conjunction with 99.9% pure oxygen followed by CNT growth. This is followed by 
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chemical vapor deposition (CVD) of CNT using xylene (C8H10) and ferrocene [Fe(C5H5)2; 
Alfa Aesar, 99%] as a carbon and catalyst source, respectively. Silica coating was applied using 
methods described in our previously reported study [29]. Briefly, Acid catalyzed sol-gel process 
was utilized in order to produce the silica coating on the CNT-grafted hierarchical substrate. 
Entire fabrication was carried out by Mukhopadhyay group at Wright State University, USA. 
Plain weave carbon fiber mats were obtained from Hexcel (ACGP206-P). They were coated with 
CNTs as described above for the foams. 
2.3 Measurement of Contact Angle  
The contact angles of pristine and functionalized Foams and Fibers were investigated 
using the dynamic contact angle measurements designed in lab by Mukhopadhyay group. A drop 
of de-ionized water was added on the samples using a 21G needle and the image was captured 
after 10 s. The contact angle was measured using Solidworks. 
2.4 Scanning Electron Microscopy (SEM) 
Surface characterization of as prepared and cell-seeded Foam and Fiber scaffolds was 
carried out using SEM (JEOL 9335 Field Emission SEM). Cell-seeded scaffolds were fixed 
following 21 days and 14 days of culture for Foams and Fibers, respectively. SEM was 
performed following air drying for 24 h. Scaffolds were sputter-coated with 5 nm of gold-
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palladium using Cressington 108 auto sputter coater. Images were obtained using accelerated 
voltage of 3 kV and a working distance of 8 mm. 
2.5 C2C12 Mouse Myoblast Culture 
The mouse myoblast cells (C2C12) cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% of heat inactivated Fetal Bovine Serum (Hyclone, 
Thermo Scientific) and 1% antibiotic (Penicillin and streptomycin). The cells were cultured in 
T75 flasks in a humidified incubator (37 ºC and 5% CO2), media was changed every 2 days and 
cells were passaged at confluence.  
2.6 Cell Seeding on Foams and Fibers  
The cylindrical foams of height 0.5 cm and diameter 0.5 cm were sterilized for 30 min in 
70% isopropanol under UV. The foams were seeded with a seeding density of 2.54x106 
cells/cm3. For metabolic activity assessment, the cells were seeded and cultured for 14 days in 
growth medium. For differentiation studies, the scaffolds were cultured in growth media till day 
3 followed by differentiation media (DMEM supplemented with 10% heat inactivated horse 
serum, supplier). The samples were cultured for 21 days. 
The fiber meshes of size 1cm x1cm were seeded with C2C12 cells of seeding density of 
2.54x106 cells/cm3 as mentioned above. The study was carried out over a period of 14 days. 
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2.7 Metabolic Activity of Cells 
The metabolic activity of cells seeded on Foams or Fibers were measured using the 
Alamar Blue assay (Nalgene, USA).The assay was performed over a period of 14 days. Alamar 
Blue solution (10% v/v) was prepared in complete growth media and 1 mL of this solution was 
added to each well containing cell-seeded scaffold and incubated for 4 h at 37 ºC. After this step, 
100 µL of the solution from each well was added to 96-well plate and the fluorescence was read 
at 530 and 590 nm using the microplate reader (Corning Inc., USA). The wells containing only 
Alamar Blue solution in media was used for background fluorescence. Pristine carbon Foams 
and Fibers were used as control to compare the proliferation on functionalized Foams and Fibers.  
2.8 Immunofluorescence Staining 
Cell-seeded Foams or Fibers were fixed with 4% paraformaldehyde and washed 3 times 
with DPBS followed by the blocking/ permeabilization with DPBS containing 0.1% Triton X-
100 and 5% BSA for 1 h at room temperature. The scaffolds were then incubated with the 
primary antibody against myosin heavy chain (MHC), MF-20 (1:50, DSHB, Iowa) overnight at 4 
°C and washed with PBS three times. The scaffolds were then stained with secondary antibody 
(Alexa Fluor 488 Conjugated goat anti-mouse IgG, 1:1000, Sant Cruz Biotechnology Inc., USA) 
for 1 hour at room temperature followed by three times washing with PBS and nuclear staining 
with HOECHST 33342 (Thermo Fisher, USA).  
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2.9 Confocal Microscopy 
Confocal images were obtained using inverted confocal laser scanning microscope 
(Olympus Fluoview 1000).  Lasers of 488-, 559-, and 633-nm wavelength were used. Objective 
lenses of 20X and 40X were used to acquire the images with 5µm thickness of each z slice. 
2.10 Image Analysis 
NIH ImageJ software was used for quantification of confocal images. Percentage MHC 
positive cells were calculated by taking a ratio of MHC positive cells to the total number of cells 
in at least 3 images per scaffold type. At least 120 total nuclei were considered per scaffold type. 
Myotube fusion index was calculated by taking a ratio of number of fused cells containing 2 or 
more nuclei to total number of cells per image for the Fiber scaffolds. Number of nuclei per 
myotubes was measured manually and represented as mean ± SD. Myotube maturation index 
was measured from the immunofluorescence images by calculating ratio of myotubes with 5 or 
more nuclei to total number of myotubes. The graphs were plotted using Graphpad Prism 6 and 
Origin Pro 2015. 
2.11 Statistics 
The results are represented as mean ± standard deviation (n=4-5). The statistical 
significance between the groups was analyzed using one-way and two-way ANOVA for multiple 
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comparisons followed by Tukey post-hoc analysis (GraphPad Prism 6). p values less than 0.05 
were considered statistically significant. 
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3.0  RESULTS AND DISCUSSION 
3.1 CNT and Si-CNT Functionalization Alter Nanoscale Surface Morphology and 
Wettability of Foam Scaffolds 
Cylindrically cut pristine foams or CNT or Si-CNT-functionalized foams (Figure 1A) 
were characterized for their surface morphology (SEM) and wettability (contact angle). Figure 
1B shows SEM images of pristine (non-functionalized) carbon foams (referred to as Foam 
hereafter), CNT-coated carbon foam (referred to as CNT-Foam hereafter) and silica-CNT-coated 
carbon foams (referred to as Si-CNT-Foam hereafter). Carbon foams were coated with either 
CNTs or further modified with silica (Si-CNT) as described previously [29]. It is evident from 
Table 2 and Table 3 that the atomic percentage (At %) of Silica increases from 1.38 to 4.32 
which confirms successful nano-functionalization of CNTs with Si. As shown in Figures B1, B3 
and B6, pristine and functionalized carbon foams exhibited highly interconnected porous 
structure with similar overall pore size. As shown in Figure 1 B4 and B7, CNT/Si-CNT coating 
is found to be perpendicular to the surface of Foam scaffolds. Successful CNT/Si-CNT 
functionalization was further confirmed by high magnification (20,000X) images of the walls of 
functionalized Foam showing uniform fibrous carpet of CNT/Si-CNT rendering these surfaces 
nanoscale roughness (Figure 1 B5, B8) compared to smooth surface observed for Foam 
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scaffolds (Figure 1 B2). These SEM images confirm successful coating of CNT carpets on the 
walls of Foam scaffolds without altering their porosity. 
In addition, CNT coating may provide conductive surface to allow better exchange of 
cellular signals between myoblasts [34]. In addition to the CNT coating, additional layer of silica 
was applied over CNT carpets coated on foams to modulate contact angle and surface wettability 
without changing the surface roughness. This allowed decoupling the effects of wettability and 
nano-roughness on cell adhesion/spreading. Previously Aizenberg group developed 
revolutionary slippery liquid-infused porous surfaces (SLIPS) by designing nanotextured array of 
nanoposts functionalized with low-surface energy polyfluoroalkyl silane [35]. This fulfilled a 
crucial requirement of wetting and facilitating stable adherence of the fluids by providing nano-
roughness.  
Surface functionalization with nanoscale features is known to alter its hydrophobicity and 
wettability [35], which can be measured by contact angle of scaffold surface. In a study by 
Montesano et al., atomic force microscopy of PLLA coated with multiwall CNT revealed that 
increased nano-roughness increased the contact angle and thereby, decreased the surface wetting 
[36]. Indeed, CNT coating on the Foam surface increased the contact angle from 65-75 to 160° 
(Table 1), making the surfaces more hydrophobic. Hydrophobicity in turn, plays crucial role in 
interaction of cells with scaffolds, this may become even more important when the scaffolds 
have macroporous architecture. In these CNT-Foams, nano-scale factors such as nano-roughness 
and surface wettability are key factors that would influence the cell-scaffold interaction. 
Therefore, in order to decouple the effects of nano-roughness and wettability on cell 
adhesion/spreading, CNT-Foams were further functionalized with silica. Silica is an inorganic, 
bio-resorbable and biocompatible material and have been widely investigated in tissue 
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engineering, specifically in bone regeneration [37]. Interestingly, silica coating significantly 
reduced the contact angle of CNT-Foam from 160.3° to 66.5° for Si-CNT-Foam (Table 1), 
which was similar to that of Foam. Thus, Si-CNT-Foam possesses comparable macroporosity, 
contact angle and wettability to that of Foam with added nano-roughness of CNT-Foam. 
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Figure 1. Functionalization and characterization of carbon foams  
A) Schematic of carbon foams functionalized with carbon nanotubes (CNT) and silica-CNT (Si-CNT); 
B) Effect of surface modification with CNT and Si-CNT on the micro- and nano-structure and surface properties 
of carbon foams; Low magnification images showing highly interconnected porous structure of pristine Foam 
(B1), CNT-Foam (B3) and Si-CNT-Foam (B6); High magnification images showing smooth surface of pristine 
Foams (B2) while CNT (B4) and Si-CNT (B7) coatings conferred nano-roughness (depicted by white arrows), 
B5: CNT coating and B8: Si-CNT coating at high magnification showing nanofiber structure. Table 1 
demonstrates the effect of surface modification on contact angle. Upon CNT coating on the foams, contact angle 
increased while subsequent coating with Si on CNT-coated foams decreased the contact angle. Table 2 and table 
3 show Energy-dispersive X-ray spectroscopy (EDS) analysis of CNT and Si-CNT-coated carbon foams showing 
atomic percentage of C, O, Si and Fe. 
For development of biomaterials, it is critical to understand the role of surface wetting in 
the attachment of cells on the surface of the biomaterial. Hydrophilic surfaces tend to promote 
protein adsorption on their surface and mediate cell adhesion directly [38]. Cell adhesion 
proteins such as fibronectin and laminin further mediate attachment of cells to the biomaterial 
surface. Contact angle of Foam (Table 1) indicated the surface of Foam to be hydrophilic. An in 
vitro study found hydrophilic materials to be more cell-adhesive compared to hydrophobic 
materials [39]. CNT functionalization increased the contact angle and rendered the surface of 
CNT-Foam to be hydrophobic. In case of less wettable biomaterial surfaces, cell adhesion 
proteins get adsorbed and disrupt ordered water molecule, leading to increased entropy, which in 
turn, acts as a driving force for adhesion. Such entropy-driven adsorption is usually strong and 
irreversible compared to enthalpy-driven and reversible adsorption on easily wettable surfaces 
[40]. Extremely hydrophobic surfaces are not desirable for cell activity. Si-CNT Foam showed 
similar contact angle to Foam which indicated moderately hydrophilic surface. Several studies 
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have suggested that a moderate range of contact angle around 70° is ideal for cell attachment and 
spreading [41, 42]. Following the characterization of materials, cell adhesion, spreading, 
cytocompatibility and their potential for promoting differentiation were assessed. 
3.2 Surface Functionalization of Foam Promotes Cell Adhesion, Spreading, Viability 
and Differentiation of C2C12 Myoblast Cells into Myocytes 
In order to test hypothesis that immobilized CNTs will offer cytocompatible surface for 
myoblast growth and differentiation into myocytes due to various cues (e.g., nano-topography, 
conductive surfaces and macroporous scaffold architecture) as discussed earlier (Figure 2A), we 
cultured C2C12 cells on Foams. First, the cytocompatibility was assessed by measuring 
metabolic activity of cells as described in the following section.  
3.2.1 Porous Architecture of Foam Allows Cell Infiltration, Adhesion, Spreading and 
Bioactive Foam Surfaces Promote De Novo Matrix Synthesis 
Cell infiltration into the Foam scaffold was studied using SEM of the Foams seeded with 
C2C12 mouse myoblast cells cultured for 21 days. SEM images as shown in Figure 2 B1, B3 
and B5 indicated that cells were able to infiltrate and adhere uniformly in all the 3 Foams. SEM 
images also showed the spread morphology of cells on the Foams (Figure 2B2). Cell adhesion 
and proliferation on day 1 was further confirmed by metabolic activity assay as shown in Figure 
2F. In case of Foams (Figure 2 B1), cells appeared as a uniform cell sheet on the surface of the 
Foam, whereas the presence of nano-hair like CNT increased surface roughness and cells were 
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attached on to these needle-like projections as shown with white arrows in Figure 2 B6 (Si-
CNT-Foam) and Figure 2C (CNT-Foam). Thus, SEM microscopy suggested that CNT array, 
(Figure 1 B4 and B7), was involved in enhancing cell-Foam interactions in functionalized 
Foams (Figure 2C). De novo matrix synthesis is one of the important steps in tissue regeneration 
on biomaterial scaffolds. Production of functional tissue mimetic structures can be facilitated 
through biodegradation of scaffolds along with synthesis of new ECM by the seeded cells. In a 
study reported by Sant et al., Collagen type 1, fibronectin and laminin were secreted by valvular 
interstitial cells on PGS-PCL scaffolds [43]. In this case, all the 3 conditions, i.e., Foam, CNT- 
Foam and Si-CNT-Foam facilitated de novo ECM secretion, as shown in Figure 2D. This 
confirms that foams themselves are bioactive and their surface functionalization improves 
bioactivity and facilitates cell adhesion, spreading and de novo matrix secretion. 
3.2.2 Pristine Foam and Surface-functionalized Foams Exhibit Excellent 
Cytocompatibility 
Cytotoxic effects of CNTs have been studied extensively [44, 45] and reviewed by 
Hussain et al. [46]. CNTs were found to be cytotoxic when they were freely suspended in culture 
and were available for cellular uptake; however, CNTs immobilized on a matrix or scaffold were 
found to be non-toxic [46]. Therefore, in this study, CNTs were immobilized as a carpet on 
foams to mask their cytotoxic effects. The effect of surface modification and wettability on cell 
adhesion and proliferation of mouse myoblast cells (C2C12) was further investigated by Alamar 
Blue assay as shown in Figure 2F. Alamar Blue assay measures ability of metabolically active 
cells to reduce resazurin to fluorescent resorufin [47]. All the scaffolds were transferred to new 
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wells after 24 h, prior to Alamar Blue assay, in order to eliminate the metabolic activity of the 
cells that were adhered to the plastic but not the scaffolds. 
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Figure 2. Effect of surface modification on myoblast (C2C12) viability, morphology and 
differentiation into myocytes 
A) C2C12 myoblast cells were seeded onto pristine and functionalized Foams and were allowed to grow 
3 days in growth media, followed by differentiation media over a total period of 21 days. B) Scanning electron 
microscopy images showing cell infiltration throughout the depth of non-functionalized (B1, B2), CNT-Foam 
(B3, B4), and Si-CNT-Foam (B5, B6). It can be seen that cells adhere to the walls of the pores; white arrows 
show infiltrated cells. C) Cells interacting with nanoscale needle like CNT projections on the surface of foam as 
seen in CNT-Foam; white arrows show the interface between CNT and cells. D) De novo matrix synthesis in 
Foam (D1), CNT-Foam (D2) and Si-CNT-Foam (D3); E) Cell sheets peeled off from the walls of Si-CNT Foam 
along with Si-CNT coating; F) C2C12 cells exhibited time-dependent increase in cell proliferation over a period 
of first 7 days followed by decrease thereafter, which may be due to onset of their differentiation into myocytes. 
Statistical significance by two-way ANOVA and Tukey post hoc test. ** denotes p<0.005, **** denotes 
p<0.00005; G) Confocal microscopy images showing differentiation of C2C12 cells into myocytes as indicated 
by myosin heavy chain (MHC) staining. In CNT-Foam (G4, G5, G6) and Si-CNT-Foam (G7, G8, G9) samples, 
all the cells stained for nuclei and Phalloidin (Actin) also stained positive for MHC. However, multinucleated 
cellular structures representing myotubes were not observed in any of the scaffolds. White arrows show areas of 
interest which show differential MHC expression among three types of scaffolds. H) Image analysis showing 
quantification of percentage MHC-positive cells from n=3 images from differentiation study. Statistical 
significance by one-way ANOVA and Tukey post hoc test. ** denotes p<0.005, *** denotes p<0.0005. 
All the scaffolds supported growth of C2C12 as evident from the significant increase in their 
metabolic activity over a period of 7 days. Moreover, statistically non-significant differences 
between functionalized CNT/Si-CNT-Foam and pristine Foam scaffolds suggested that CNT 
carpets immobilized onto carbon foams are cytocompatible. We also observed decreased 
metabolic activity of cells on day 14, which can be attributed to peeling off confluent cell sheets 
with CNT/Si-CNT carpets from the foam surfaces as shown in representative SEM images for 
Si-CNT-Foam in Figure 2E. This peeling off behavior suggests strong interaction of cells with 
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underlying CNT/Si-CNT carpets. This may have also prevented cellular uptake of individual 
CNT, thus improving the cytocompatibity.  Another reason for decreased metabolic activity after 
day 7 could be attributed to myoblasts differentiation to myocytes [48]. 
3.2.3 CNT Coating Facilitates Differentiation of Myoblasts 
It is well known that topographical cues help in guiding differentiation [49]. Thus, we 
investigated the role of CNT and Si-CNT functionalization on myoblast differentiation. C2C12 
cells were cultured on Foams, CNT-Foam and Si-CNT-Foam for 3 days in growth media, 
followed by another 18 days in differentiation media. The cells were then fixed and stained with 
Hoechst (nucleus, blue), myosin heavy chain (MHC, green) and phalloidin (actin, red). 
Consistent with SEM images (Figure 2 B1-B2), Foam scaffolds showed C2C12 cells attached 
and spread on the foam walls as shown by nuclear and cytoskeletal actin staining (Figure 2 G1 
and G3). However, very few MHC- positive cells were observed (Figure 2 G2), indicating their 
limited ability to differentiate into myocytes. On the contrary, CNT-Foam (Figure 2 G4-G6) and 
Si-CNT-Foam (Figure 2 G7-G9) showed presence of much higher number of MHC positive 
cells, indicating that CNT/Si-CNT functionalization promotes myogenic differentiation. Image 
analysis confirmed these results revealing significantly higher percentage of MHC-positive cells 
in CNT-Foam and Si-CNT-Foam as compared to Foam scaffolds (Figure 2H). While Foam 
scaffolds showed only 30% MHC-positive cells, both CNT/Si-CNT-Foams showed significantly 
higher (about 90%) MHC-positive cells. This may be due to the nano-roughness provided by 
CNT/Si-CNT as shown in Figure 1 B5 and B8. This may also be due to enhanced cell-cell 
communication as myoblasts need electrically conductive surface for the development of 
functional muscle tissue and conductive CNT nanosurfaces may enhance transmission of such 
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signals. In a nutshell, in addition to facilitating cell proliferation, CNT-Foam and Si-CNT-Foam 
were found to be conducive for myoblast differentiation. This suggests that nano-roughness, 
which is common to both CNT-Foam and Si-CNT-Foam rather than wettability plays important 
role in controlling myoblast differentiation into MHC-positive cells. Interestingly, formation of 
multinucleated myotubes was not evident in any of the three scaffolds. This may be due to the 
porous geometry of foam scaffolds. Foams provided excellent porosity and surface area that 
enhanced myoblast cell proliferation and adhesion on all three scaffolds whereas CNT/Si-CNT 
functionalization provided additional structural cues such as nano-roughness and/or conductivity, 
which further aided myoblast differentiation into MHC-positive cells. However, foams lack 
alignment cues, which are present in native skeletal muscle tissue. Although interconnected 
porous structure along with nanoscale surface functionalization led to myoblast differentiation 
into MHC-positive cells, it fell short of promoting fusion of these cells into multinucleated 
myotube-like structures. 
3.3 CNT Coating on Woven Aligned Carbon Fibers Affects Surface Morphology and 
Wettability 
Alignment provides instructive pattern for myoblasts during early stages of muscle 
development [50]. As muscle is a highly organized structure, myotube formation on surfaces 
with no contact guidance is believed to be immature, for instance, it can form few myoblasts 
grown in swirled and unorganized pattern [10]. This hampers formation of the myotubes and 
thereby, the functional regeneration. Aligned structural or topographical cues provide contact 
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guidance, where myotubes can be formed parallel to each other thereby leading to functional 
tissue development [5, 51, 52]. 
In contrast to the porous architecture of foams, fibrous structures mimic the structure of 
in vivo skeletal muscle. We, therefore, developed aligned woven mats of carbon fibers with CNT 
coating (Figure 3A), which possess multi-scale hierarchy. Woven fiber mats have microscale 
fibrils forming a horizontal multilayered strip. These strips are then interwoven in similar way to 
woven cloth fibers as shown in the schematic. Successful CNT-functionalization was confirmed 
by EDX-SEM elemental analysis (Table 5). Figure 3B shows SEM micrographs of pristine 
carbon fibers (referred to as Fiber hereafter) and CNT-coated carbon fibers (referred to as CNT-
Fiber). As shown in Figure 3 B4, the overall aligned scaffold architecture at macro-scale remain 
unchanged after CNT coating while surface roughness was enhanced (Figure 3 B4-B6) 
compared to smooth surface observed for non-functionalized carbon fibers (Figure 3 B1-B3). In 
addition, nanoscale CNTs connecting two parallel carbon fibers were observed as indicated by 
red arrows in Figure 3 B6. CNT coating conferred the nano-roughness to the surface along with 
interconnected grooves between parallel fibers without compromising fiber alignment. CNT 
coating also increased contact angle of the scaffolds similar to CNT-Foam as shown in Figure 3 
C and Table 4. 
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Figure 3. Functionalization and characterization of aligned carbon fiber scaffolds 
A) Aligned carbon fiber mats were functionalized with CNT (CNT-Fibers). B) Scanning electron 
microscopy images showing increased surface roughness after CNT functionalization (B4-B6) in contrast to 
smooth surface of non-functionalized carbon fibers (B1-B3). C) CNT functionalization increased contact angle 
and thus, hydrophobicity of the CNT-Fiber scaffolds as indicated in Table 4. As evident from the study of Si-
CNT functionalized foam, wettability did not show any significant effect on myoblast differentiation, therefore 
Silica functionalization was not considered in similar study with fibers. 
3.4 Effect of Surface Modification of Woven Fibers on Attachment and Proliferation of 
C2C12 Mouse Myoblast Cells 
C2C12 myoblast cells were seeded on pristine (Fiber) and functionalized CNT-Fiber 
scaffolds (Figure 4A) to mainly elucidate the effect of fiber alignment coupled with CNT 
functionalization on cellular proliferation, alignment and differentiation. 
Several studies suggest that myoblast differentiation is enhanced in aligned fibrous 
scaffold compared to randomly oriented ones [19, 53-55]. Metabolic activity of seeded cells was 
evaluated for 14 days using Alamar Blue assay (Figure 4B). Fiber scaffolds showed increased 
metabolic activity throughout 14 days while CNT-fiber showed significantly higher metabolic 
activity until day 3 compared to carbon fibers (p<0.05), after which CNT-Fiber reached 
confluence and no significant change was observed for next 14 days. This may be attributed to 
stimulation of myogenic differentiation by CNT coating. While Fiber scaffolds showed cell 
adhesion/spreading and facilitated formation of multicellular structures (black arrow in Figure 
4C2), randomly orientated and less organized cell aggregates can also be observed. On the other 
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hand, CNT-Fiber promoted aligned multicellular structures completely covering entire area of 
the CNT-Fiber scaffold (almost 2.5 mm) as shown in Figure 4, C4 and C5). CNT-Fiber 
scaffolds also promoted cell-material interaction to achieve great contact adhesion as indicated 
by white arrows (cell bodies) and red arrows (CNTs) (Figure 4 C6). 
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Figure 4. Effect of CNT functionalization of aligned carbon fibers on attachment and 
proliferation of C2C12 mouse myoblast cells 
A) C2C12 myoblast cells were seeded on Fiber and CNT- Fiber scaffolds. B) C2C12 proliferation on 
Fiber and CNT- Fiber scaffolds. Statistically significant difference was found amongst all groups (p ˂ 0.05) by 
two-way ANOVA and Tukey post-hoc test. C) Scanning electron microscopy images showing C2C12 interaction 
with the underlying Fiber and CNT- Fiber samples. Significantly increased number of cells can be observed on 
the CNT-Fiber samples with cell bodies (black arrows) interacting with the CNTs (red arrows) coated on carbon 
fibers. 
3.5 Aligned Fibrous Structure along with CNT Functionalization Facilitate 
Differentiation of Myoblast Cells into Continuous Myotubes  
We further investigated the collective influence of fiber alignment and nano-roughness of 
Fiber and CNT-Fiber scaffolds on differentiation of C2C12 myoblast cells over 14 days 
(Schematic in Figure 5A). We selected earlier time point of 14 days in Fiber scaffolds as most of 
the confluent cellular structures formed during 21 days were detached from the scaffolds 
preventing any analysis of MHC-positive cells (data not shown). This suggested that aligned 
fibrous scaffolds may be more efficient in promoting differentiation at earlier time point. Indeed, 
low magnification confocal microscopy images of MHC (green) and nuclei showed MHC-
positive cells in both Fiber (pristine) and CNT-Fiber scaffolds unlike foam scaffolds. While 
Fiber scaffolds showed MHC-positive multinucleated cells scattered throughout the image area 
(Figure 5B, top panel),  CNT-Fiber scaffolds showed interconnected, multinucleated MHC-
positive cells covering entire area of the image, suggesting efficient fusion of differentiated 
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myocytes to form myotubes (Figure 5B). Higher magnification images in Figure 5C showed 
aligned myotubes parallel to fiber direction.   
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Figure 5. Effect of fiber alignment on C2C12 mouse myoblast differentiation 
A) C2C12 myoblast cells were cultured on pristine fibers and CNT fibers and were allowed to 
differentiate for 14 days. B) Low magnification confocal microscopy images showed differentiation of C2C12 
cells into myocytes as indicated by myosin heavy chain (MHC) staining. In CNT-Fiber, all the cells stained for 
MHC (green). Nuclei were stained with Hoechst (blue). Interestingly, CNT-Fibers showed continuous 
multinucleated cell structures spread across the entire scaffold surface. C) High magnification confocal 
microscopy images showing differentiation of C2C12 cells into myocytes and formation of continuous 
multinucleated myotubes indicated by MHC and nuclear staining. Very high magnification images (insets in 
bottom panel) showed formation of continuous myotubes forming structures similar to muscle fiber bundles. D) 
Myotube fusion index (Cells containing 2 or more nuclei/ total number of cells per image). E) Number of nuclei 
per myotube. F) Myotube maturation index (ratio of myotubes with 5 or more nuclei to total number of 
myotubes). In both the cases, CNT-Fiber shows increased fusion and maturation indices compared to pristine 
carbon Fiber, * shows significant difference at p<0.05 compared to carbon Fibers; statistical analysis was done 
using student t-test. 
Most interestingly, CNT-Fiber showed formation of myotube fiber bundles which are 
believed to be units of functional muscle tissue. Further image analysis revealed significantly 
higher myotube fusion index in CNT-Fibers compared to carbon fibers (Figure 5D). Similarly, 
number of nuclei per myotube and myotube maturation index (myotubes containing more than 5 
nuclei) were found to be significantly higher in CNT-Fiber scaffolds compared to Fiber 
scaffolds. As discussed under section 3.5, functionalized Foams showed significantly higher 
MHC-positive cells (Figure 2H), however, they failed to stimulate fusion of differentiated 
myocytes unlike CNT-fiber which show fusion of myocytes into multinucleated myotubes. 
These results strongly suggest an important role played by the aligned fibrous architecture. It has 
been reported that end to end fusion of myocytes or myoblasts is more feasible than lateral 
fusion, therefore, oriented cells due to alignment cues are more likely to undergo such fusion [51, 
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56]. Moreover, other studies have revealed that narrow width of aligned structures promoted 
densely packed myotubes resembling functional myotubes [52, 57]. This supports our 
observations of improved myotube fusion in even Fiber scaffolds, which possess fibers with 
around 10 micron diameter. 
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4.0  CONCLUSION AND FUTURE DIRECTION 
In this study, carbon-based material was common base material throughout all scaffolds. 
By comparing Foam (pristine) and Fiber (pristine) scaffolds, it is evident that the scaffold 
architecture (interconnected porous vs aligned fibrous structure) played an important role for 
facilitating fusion of myocytes to form multinucleated myotubes. Pristine Foam scaffolds 
showed few MHC positive myocytes, however, fused and continuous myotubes were not found, 
whereas pristine Fiber scaffolds promoted fusion of differentiated myocytes into multinucleated 
myotubes. CNT-functionalization was found to enhance myoblast differentiation into myocytes 
in both the foam and fiber scaffolds. CNT-foam or Si-CNT foam did not promote fusion of 
myocytes into multinucleated myotubes even though they enhanced MHC positive cells in 
comparison with Foam scaffolds. This also suggested minimal effect of contact angle on cell 
differentiation. More interestingly, CNT-Fiber scaffolds were found to be the most suitable 
material which can facilitate formation of multinucleated myotubes. This was mainly due to 
excellent contact guidance provided by aligned fibrous architecture along with nano-roughness 
and conductive surface. End to end fusion of myotubes was facilitated due to the combined 
influence of above-mentioned factors. In conclusion, CNT-functionalized carbon fibers have 
potential for skeletal muscle repair and regeneration. 
 Future studies will involve exploring differential expression of genes involved in 
myogenesis. This will provide mechanistic understanding of how different scaffold architecture 
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and CNT nano-functionalization affect myogenesis. It is worthwhile to carryout animal studies 
by implanting pre-seeded scaffolds with progenitor cells derived from the same animals as well 
as non-cell seeded scaffolds and assessing regeneration of functional muscle tissue. 
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APPENDIX A 
ABBREVIATIONS 
Term   Abbreviation 
ECM   Extracellular Matrix 
SEM   Scanning Electron Microscopy 
CNT   Carbon Nanotube 
Si   Silica 
MHC   Myosin Heavy Chain 
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